Nitrogen fixation by diazotrophic bacteria is a significant source of new nitrogen in salt marsh ecosystems. Recent studies have characterized the physiological and phylogenetic diversity of oxygen-utilizing diazotrophs isolated from the rhizoplanes of spatially separated intertidal macrophyte habitats. However, there is a paucity of information regarding the traits encoded by and the diversity of plasmids occurring in this key ecological functional group. Five-hundred and twenty-one isolates cultivated from the rhizoplanes of Juncus roemarianus, Spartina patens and different growth forms (short-form and tall-form) of Spartina alterniflora were screened for the presence of plasmids. One-hundred and thirty-four diazotrophs carrying plasmids that ranged in size from 2 to S 100 kbp were identified. The majority of the marine bacteria contained one plasmid. Diazotrophs from the shortform S. alterniflora rhizoplane contained significantly fewer plasmids relative to isolates from tall-form S. alterniflora, J. roemarianus and S. patens. Although some plasmids exhibited homology to a nifH gene probe, the majority of the plasmids were classified as cryptic. Two oligonucleotide primers were developed to facilitate genotypic typing of the endogenously isolated marine plasmids by the randomly amplified polymorphic DNA (RAPD)-PCR technique. These primers proved to be more effective than 21 commercially available primers tested to generate RAPD-PCR patterns. Analysis of the RAPD-PCR patterns indicated as many as 71 different plasmid genotypes occurring in diazotroph bacterial assemblages within and between the four different salt marsh grass rhizoplane habitats investigated in this study.
INTRODUCTION
To date, there have been a limited number of studies attempting to characterize the molecular diversity of plasmid populations encountered in naturally occurring marine bacterial assemblages (Dahlberg et al., 1997 ; Sobecky et al., 1997) . Plasmids isolated from marine bacterial communities, either by the exogenous ' plasmid capture ' method (Bale et al., 1987 (Bale et al., , 1988 Dahlberg et al., 1997) or obtained from culturable marine bacterial hosts (endogenous isolation), have been shown to exhibit broad host-ranges (Sobecky et al., 1998) , to be mobil- izable (Powers et al., 2000) and to have self-transfer capabilities (Sandaa & Enger, 1994 ; Dahlberg et al., 1998) . However, plasmids in marine microbial communities are unrelated to the well characterized broad and narrow host-range incompatibility and replication (inc\rep) groups derived from plasmids found in the Enterobacteriaceae (Dahlberg et al., 1997 ; Sobecky et al., 1997) . The lack of homology to the known inc\rep groups also extends to plasmids occurring in bacterial populations from freshwater (Osborn et al., 2000) and soils (Kobayashi & Bailey, 1994 ; Brønstad et al., 1996 ; van Elsas et al., 1998) .
To gain a better understanding of bacterial gene flux mediated by plasmids in marine microbial communities, knowledge of the distribution, diversity and genes encoded by naturally occurring marine plasmids is necessary. The development of inc\rep probes and primers specific for plasmid replication origins (Sobecky et al., 1998 ; Cook et al., 2001) and RFLP comparisons (Dahlberg et al., 1998) are two approaches that have been used to examine the distribution, relationships and genetic diversity of marine plasmids. These methods can be labour-intensive, time-consuming and often require considerable amounts of purified plasmid DNA. Such factors can limit the applicability of these methods, making it difficult to design studies to address spatial and\or temporal changes in plasmid populations.
An objective of this study was to develop a method that would facilitate the comparison and differentiation of marine plasmids based on the randomly amplified polymorphic DNA (RAPD) method, a PCR-based procedure developed for identifying chromosomal polymorphisms (Welsh & McClelland, 1990 ; Williams et al., 1990) . The RAPD-PCR-based technique was subsequently used to determine the molecular diversity of plasmid populations within marine diazotroph (nitrogen-fixing) bacterial assemblages from the rhizoplanes of salt marsh macrophytes Juncus roemarianus, Spartina alterniflora and Spartina patens (Bagwell et al., 1998 ; Bagwell & Lovell, 2000 ; Bergholz et al., 2001) . These salt marsh macrophytes exist in discrete spatial and tidal zones in a coastal Atlantic salt marsh longterm ecological study site. In addition, unique polymorphic RAPD-PCR amplicons were investigated for their potential use as plasmid-specific DNA probes.
METHODS
Site description and diazotroph characterization. Juncus roemarianus (hereafter referred to as Juncus), Spartina patens and short-form ( 30 cm) and tall-form ( 1 m) Spartina alterniflora macrophytes were collected with root zone sediments intact from a salt marsh study site on Goat Island in the North Inlet estuary, near Georgetown, SC, USA (79m12hW, 33m20hN) as previously described (Bagwell et al., 1998 . At this low-elevation location (70 cm above mean sea level ; Morris & Haskin, 1990 ) a band of tall-form S. alterniflora surrounded a small tidal creek, and short-form S. alterniflora extended inland for several metres from the edge of the tallform Spartina zone. Mixed and pure stands of S. patens and TGCGATGCGA  13  1  8  OPAQ-13  GAGTCGGCTG  26  3  12  OPAQ-20  GTGAACGCTC  20  3  15  OPA-13  CAGCACCCAC  53  9  17  MPRP2  GGTCACGCCA  128  57  45  DIAZO1  AGTAGCGCCG  151  99  66 * OPAQ-01-OPAQ12, OPAQ-14 and OPAQ-16-OPAQ-19 primers did not produce amplification products.
Juncus occurred along the high marsh-terrestrial fringe border . The isolation, physiological characterization and nitrogen fixation activity of oxygen-tolerant heterotrophic diazotroph bacterial assemblages obtained from Juncus, S. alterniflora and S. patens roots and rhizomes have been described previously (Bagwell et al., 1998 Bergholz et al., 2001) .
Identification and phenotypic analysis of plasmid-containing isolates. The alkaline lysis method used to determine the presence of plasmids in marine bacterial isolates has been described previously (Sobecky et al., 1997) . Minor modifications to this method included a twofold increase in cell culture volume (10 ml) grown in Bacto Marine Broth 2216 (Difco) and a twofold decrease in lysis (Solution A) and denaturation (Solution B) buffer volumes. The supernatant was immediately electrophoresed in 0n65 % agarose. Gels were run at 5 V cm − " and stained with ethidium bromide. Plasmid incidence data were analysed for statistical significance using Statview (release 4.1). Data were subjected to the G-squared test for significance (P 0n01). Escherichia coli strains containing plasmids pRR10 (5n0 kb), pRR54 (8n3 kb) (Roberts et al., 1990) , pRK290 (20 kb) (Ditta et al., 1980) , R6K (38 kb) (Stalker et al., 1979) and RK2 (60 kb) (Pansegrau et al., 1994) , and Sinorhizobium meliloti 102F34 containing three plasmids of 100, 150 and 220 kb, respectively, were used as plasmid size standards.
Antibiotic resistance and heavy metal tolerance phenotypes were determined as described by Reyes et al. (1999) . Briefly, antibiotic-containing disks (Difco) were applied to lawns of marine bacterial isolates on half-strength YTSS agar (Sobecky et al., 1997) . The antibiotics used were as follows : kanamycin (10 µg), neomycin (30 µg), tetracycline (30 µg) and trimethoprim (5 µg). Plates were scored after incubation for 18-24 h at 30 mC and resistance was determined according to the method of Bauer et al. (1966) . The heavy metal salts and their concentrations were as follows : 100 µg mercuric chloride ml − ", 570 µg cadmium chloride ml − " and 1360 µg zinc chloride ml − ". Resistance to the metal salts was assayed according to Reyes et al. (1999) .
RAPD primers.
The 21 different PCR primers (Operon Technologies) synthesized for RAPD procedures and sequences of those primers generating RAPD profiles are given in Table 1 . Two additional primers, designated DIAZO1 and MPRP2, were generated. The sequence of DIAZO1 was based on analysis of the sequence of the 536 kbp plasmid pNGR234a from Rhizobium sp. (Freiberg et al., 1997) . The sequence of MPRP2 was selected based upon analysis of the complete 6n9 kbp pPS41 sequence (Powers et al., 2000) and partial sequences of four additional marine plasmids : p09022, p0329, Salt marsh diazotroph plasmid diversity p23023 and p0908 (P. Sobecky & J. Eisen, unpublished) . The plasmid sequences were analysed using OligoCalc (Fislage et al., 1997) to calculate the most frequently occurring oligomers of a given length (6-mer and 8-mer).
RAPD-PCR amplifications. PCR amplifications were performed in a 25 µl reaction volume containing 3n0 mM MgCl # , 250 µM each dNTP, 25 pmol primer, 1n25 U TaKaRa Taq (TaKaRa), 1i PCR amplification buffer (10 mM Tris\HCl, pH 8n3; 50 mM KCl) and 20-100 ng template DNA. Template DNA was obtained by excision of the plasmid DNA band directly from the agarose gel (SeaKem LE agarose ; ISC BioExpress) using GeneCapsule (Geno Technology). The agarose plug containing plasmid DNA was melted at 92 mC for 20 min and 10 µl of the molten DNA\agarose mixture was used in PCR reactions. The reaction mixtures were incubated in a thermocycler (model 2400 ; Perkin Elmer) at 94 mC for 1n5 min and 55 mC for 3n5 min. Samples were then subjected to 30 cycles of 95 mC for 30 s, 35 mC for 3 min and 72 mC for 1 min, followed by a final extension for 10 min at 72 mC. Samples were mixed with 5 µl 6i loading buffer [0n25 % (w\v) xylene cyanol FF, 40 % (w\v) sucrose] (Maniatis et al., 1982) and heated at 55 mC for 15 min to facilitate loading and electrophoresis. PCR products were electrophoresed in 1n5 % agarose. Gels were run at 5 V cm − " for 2 h and stained with ethidium bromide. The mobilities of mass standards and RAPD amplicon bands were measured (EagleSight, Stratagene) and the sizes of all bands were also confirmed visually. To standardize between gel comparisons, relative mobilities of known mass standards were compared and normalized for each gel.
Plasmid RAPD-PCR data analysis. Plasmid RAPD profiles were analysed by treating each RAPD-PCR product band on the agarose gel as an individual unit. The individual units were scored with either a 1, indicating the presence of the band in the profile, or a 0, indicating the absence of the band in the profile. A minimum of two to three independent RAPD-PCR reactions were performed on each individual plasmid excised from independent gel runs. RAPD amplicon bands were compared visually to confirm reproducibility of plasmid fingerprint patterns. Those amplicons that were either faint or absent from replicate reactions were omitted from subsequent analyses. The presence\absence dataset was analysed with RAPDistance, version 1.04 (Armstrong et al., 1996) . The similarity between all plasmids was determined using the Jaccard coefficient, which calculates the proportion of positive bands shared by each sample pair (Sneath & Sokol, 1973) . The Jaccard coefficient was applied to all combinations of plasmid pairs to generate a similarity matrix of pairwise comparisons. The RAPD-PCR profiles of those plasmid pairs with similarity coefficients between 0n1 and 0n9 were also confirmed by visual examination.
Southern hybridizations. Specific RAPD-PCR amplicon bands were excised from the agarose gels, melted (92 mC, 20 min) and 5 µl used as PCR template. PCR amplification was performed in a 50 µl volume containing 1i PCR buffer (10 mM Tris\HCl, pH 8n3 ; 50 mM KCl), 1n5 mM MgCl # , 250 µM each dNTP, 25 pmol DIAZO1 or MPRP2 primer and 1n25 U TaKaRa Taq. Amplification was performed for 35 cycles under the following conditions : 95 mC for 1 min, 55 mC for 1 min, 72 mC for 1 min, with initial incubation at 95 mC and 55 mC for 2 min and final extension at 72 mC for 1 min. To verify that only one PCR product of the expected size was obtained, the PCR reaction was electrophoresed in 1 % agarose. Purified products were used as template for PCR labelling with digoxigenen-11-dUTP according to the manufacturer's instructions (Roche). Unincorporated nucleotides were removed with the QIAquick nucleotide removal kit (Qiagen). An 880 bp EcoRI fragment digested from pYMP1, containing the nifH nitrogenase gene from Klebsiella pneumoniae, was used as the source for the nifH DNA probe (Bagwell et al., 1998) . Briefly, 350 ng pYMP1 DNA was used as template for a PCR labelling reaction (50 µl reaction volume) with digoxigenin-11-dUTP, according to the manufacturer's instructions (Roche). PCR amplification was carried out with 25 pmol vector primer sequences (5h-GTTTTCCC-AGTCACGAC-3h) and (5h-AACAGCTATGACCATG-3h) (Vieira & Messing, 1982) . Digoxigenin-labelled PCR products were purified by the QIAquick PCR purification kit (Qiagen).
Following electrophoresis to screen for plasmid DNA, gels were blotted onto nylon membranes (Schleicher & Schuell), as described by Sobecky et al. (1997) . Southern hybridizations conducted with the DIG-labelled RAPD-PCR amplicon and nifH probes were essentially done as described in Reyes et al. (1999) . Pre-hybridization and hybridization were carried out at 65 mC. Lower stringency hybridization was also carried out at 40 mC with the nifH probe. DIG-labelled probes were added at 5-10 ng ml − " for 16 h. Membranes were exposed to BioMax X-ray film (Kodak) at 37 mC. When necessary, bound DIGlabelled probe was removed from the membrane, according to the manufacturer's recommendations (Roche).
16S rRNA gene amplification and RFLP analysis. 16S rRNA gene analysis by restriction digestion was performed on selected plasmid-containing isolates. Genomic DNA was obtained from isolates by lysis of one to three colonies suspended in 100 µl sterile dH # O (100 mC, 10 min). Cell debris was removed by centrifugation (8000 g, 15 min). An aliquot of the supernatant (1 µl) was used as template for 16S rRNA gene amplification. PCR amplification was performed as described by Sobecky et al. (1998) . Aliquots (1 µl) of PCR products were digested in separate restriction digestion reactions with 10 U MspI (Promega) and 20 U EcoRI (NEB) at 37 mC for 2 h. The digested products were separated by electrophoresis in 1n5% agarose containing ethidium bromide for 2n5 h at 5 V cm − ".
RESULTS

Incidence of plasmids in rhizoplane diazotroph assemblages
The endogenous plasmid isolation method was used to determine plasmid incidence in oxygen-utilizing heterotrophic diazotroph assemblages previously cultivated from the rhizoplanes of Juncus, S. patens and the short and tall growth forms of S. alterniflora (Bagwell et al., 1998 ; Bagwell & Lovell, 2000 ; Bergholz et al., 2001) . A total of 521 diazotrophs were screened for plasmids (Table 2 ). There was no significant difference in the percentage of plasmid-containing bacterial isolates obtained from Juncus, tall-form S. alterniflora and S. patens (27, 30 and 28 % respectively ; Table 2 ). In contrast, diazotrophs from the rhizoplane of short-form S. alterniflora had a significantly lower plasmid percentage (12 % ; Table 2 ) relative to isolates from the other plant types (G-squared values of 7n71, 8n53 and 7n04 for Juncus, S. alterniflora and S. patens, respectively, and P values 0n01 for all three plant types).
The 200 plasmids detected in the 134 plasmid-containing diazotrophs (Table 2 ) were compared to known plasmid size standards to obtain an estimation of plasmid mass. A broad range of plasmid sizes, 2 to 100 kbp, were observed (data not shown). Although the majority of the isolates contained single plasmid bands, numerous isolates contained multiple plasmid bands (Fig. 1) . The method used for identifying a plasmid is based on its presence as a covalently closed circular DNA molecule. Linear plasmid DNA molecules would not be likely to be detected by the procedure used in this study. The diazotroph isolates have been previously identified by physiological and 16S rRNA phylogenetic analyses as belonging to the genera Aeromonas, Azotobacter, Enterobacter, Pseudomonas, Rhizobium and Vibrio, or to undescribed genera (Bagwell et al., 1998 ; Bagwell & Lovell, 2000) .
The plasmid-bearing and putative plasmid-free diazotroph isolates were analysed for antibiotic and heavymetal-resistance phenotypes. While it is possible that the alkaline lysis procedure used to identify plasmids from marine diazotrophs may not have detected plasmids considerably greater in size than 400 kbp or of linear form, there does not appear to be any obvious correlation between plasmid content and antibiotic and heavy metal resistance (data not shown). Previously, Piceno et al. (1999) analysed diazotroph assemblage composition of nifH amplified from rhizoplane\ rhizosphere sediment DNA. To determine if any of the plasmids encoded genes for nitrogen fixation activity, total DNA (chromosome and plasmid) of the 134 plasmid-bearing isolates (Table 2 ) was subjected to Southern hybridization with a nifH probe (Bagwell et al., 1998) . Interestingly, only 8 of the 200 plasmids exhibited homology to nifH (data not shown). Lowering the stringency of hybridization (i.e. 75 % homology) did not reveal any additional marine plasmids that had homology to the nifH probe used in this study nor to a negative control containing vector plasmid only (data not shown).
RAPD analysis of plasmids from rhizoplane diazotrophs
Plasmid DNA recovered from agarose gels served as a DNA template for the RAPD-PCR method used to characterize the genetic diversity of the endogenous plasmid populations (Fig. 2a) . Short oligonucleotides have been shown to anneal to plasmid DNA from E. coli (Elaichouni et al., 1994) . However, initial attempts to generate RAPD fingerprint profiles of plasmids from marine diazotrophs with 21 commercially available 10-mer primers resulted in either a low percentage of amplification (Table 1) or a complete lack of amplicons. Two additional 10-mer primers, designated MPRP2 and DIAZO1, were subsequently designed ( Table 1 ). The majority of the 200 plasmids obtained from Juncus, short-and tall-form S. alterniflora and S. patens (66, 9, 37 and 39 plasmids, respectively) were subjected to PCR amplification with MPRP2 and DIAZO1. Amplification with primer MPRP2 was achieved for 57 out of 128 plasmids tested (45 % ; Table 1 ). Amplification with DIAZO1 resulted in discernable fingerprint profiles for 99 of the 151 plasmids tested (47, 7, 18 and 27 plasmids from Juncus, short-and tall-form S. alterniflora and S. patens, respectively ; Table 1 and Fig. 2b ). Forty-five of the 99 plasmids amplified with both DIAZO1 and MPRP2 primers (data not shown). Corresponding RAPD-PCR fingerprint profiles of plasmid bands excised from the gel shown in (a) and amplified with the DIAZO1 primer. Lanes : 1, pSSC2-8a and pSSC2-8b (approx. 120 and 85 kbp, respectively, from short-form S. alterniflora); 2, pTM2-3 (approx. 85 kbp from tall-form S. alterniflora) ; 3 and 4, pPC2-2 and pPC2-3, respectively (approx. 60 kbp from S. patens) ; 5, pJC2-29 (approx. 5 kbp from Juncus) ; 6, pPG2-22a and pPG2-22b (approx. 65 and 35 kbp, respectively, from S. patens) ; 7, 200 bp molecular mass markers.
Amplification of plasmids with DIAZO1 and MPRP2 yielded consistently reproducible amplification patterns (Fig. 3) . The reproducibility of the RAPD-PCR patterns produced by individual plasmids was confirmed by conducting two or more independent PCR assays from plasmid DNA excised from different gel runs (Fig. 3b  and c, lanes 1 and 2) . RAPD fingerprint profiles were obtained for plasmids ranging in size from approximately 3 to 120 kb from rhizoplane isolates cultivated from each of the four plant types (Fig. 2) . We did not detect a correlation between plasmid size and amplification with DIAZO1. The number of amplicons in each RAPD profile (Fig. 2b) varied from 2 to 15 and ranged in size from 100 to 1500 bp, irrespective of plasmid size (i.e. small plasmids could have as many amplicons as large plasmids). These ranges have also been reported for chromosomal DNA (Harrison et al., 1992 ; Roberts & Crawford, 2000 ; Moschetti et al., 2001) . In addition, it is possible to distinguish between individual plasmids by noting polymorphisms, apparent among plasmids obtained from different diazotroph strains (Fig. 2b) . Plasmids co-occurring within the same isolate can also be amplified independently (Fig. 2b,  lanes 1a, 1b and 6a, 6b) . To verify that chromosomal DNA was not contributing to amplification products obtained from excised plasmid DNA, chromosomal DNA ( Fig. 2a) was excised separately and amplified with DIAZO1 and MPRP2. When amplicons were obtained, chromosomal RAPD profiles were markedly different and distinguishable from plasmid DNA RAPD patterns (data not shown).
DNA probes from RAPD amplicons
Genus-and strain-specific DNA probes have been derived from amplicons obtained from RAPD fingerprints of Streptomyces lydicus (Roberts & Crawford, 2000) , Aeromonas hydrophila (Oakey et al., 1999) as well as virioplankton populations from marine water columns (Wommack et al., 1999) . To determine if RAPD-PCR amplicons from marine plasmids could be used as a means of developing plasmid-specific DNA probes, polymorphic RAPD-PCR bands were selected for individual plasmids (data not shown). A DNA probe was generated from a 400 bp RAPD amplicon obtained with primer MPRP2 from an approximately 60 kbp plasmid. The plasmid was isolated from a diazotroph cultivated from S. patens (pPC2-3 ; Fig. 4a, lane 3) . The probe hybridized only to the plasmid from which it was derived and to a plasmid isolated from another S. patens diazotroph with an identical RAPD profile (Fig. 4b,  lanes 2 and 3) . No cross-reactivity was observed between the pPC2-3 RAPD-derived probe and either chromosomal DNA or any marine plasmids (Fig. 4b , lanes 4-9) that had dissimilar RAPD profiles. Southern hybridization using polymorphic RAPD amplicons as DNA probes from additional marine plasmids tested confirmed the specificity of each individual probe for the plasmid from which it was derived and only those plasmids having identical RAPD patterns (data not shown).
Grouping of plasmids from diazotroph assemblages
The genetic similarity of the 99 plasmids amplified with the DIAZO1 primer (Table 1) was determined using the Jaccard coefficient. The Jaccard coefficient calculates the proportion of positive bands shared and unshared (i.e. polymorphic bands) by each sample pair (Sneath & Sokal, 1973) . The Jaccard coefficient was applied to all combinations of plasmid pairs to generate a similarity (S ) matrix of pairwise comparisons. There was an uneven distribution of S values, with the greatest number of plasmid pairs occurring at the high (S 0n9) and low (S 0n2) ends of the range and the least number of plasmid pairs at S values between 0n5 and 0n6 (Fig. 5) . The plasmid pairs thus formed two distinct groups, designated for purposes of this study as either belonging to high (S 0n5) or low (S 0n5) similarity groups. These groupings were also confirmed by visual analyses of their RAPD profiles. The low-similarity group contained 4756 plasmid pairs (Fig. 5 ). Of these, 4596 pairs had S values of 0, i.e. the two plasmids in each pair had no RAPD amplicons in common. The remaining 160 plasmid pairs shared only one or two RAPD amplicons. The high-similarity group initially contained only 46 plasmid pairs (Fig. 5 ). Of these, 26 pairs had an S value of 1, i.e. the two plasmids in each pair had identical RAPD banding patterns. Of the other 20 pairs, three were removed from the high-similarity group because both plasmids in the pair produced too few amplicons ( 2 bands). The remaining 43 plasmid pairs in the high-similarity group shared between 3 and 11 RAPD amplicons each and contained between 0 and 4 polymorphic bands. The high-similarity group was further subdivided into groups of identical (S l 1) and similar (0n5 S 0n9) plasmids.
Molecular diversity of plasmids in diazotroph assemblages
Plasmids having identical RAPD profiles were detected within the same diazotroph host (Fig. 2b, lanes 1a and  1b) as well as in different hosts (Fig. 2b, lanes 3 and 4) . Corresponding autoradiograph of Southern analysis of gel. Lanes : 1, E. coli TG1 containing 60 kbp RK2 ; 2 and 3, pPC2-2 (from an S. patens diazotroph) and pPC2-3, respectively ; 4, pPG2-22 (from an S. patens diazotroph) ; 5 and 6, pTM1-13 and pTM2-3, respectively (from tall-form S. alterniflora diazotrophs) ; 7 and 8, pSSC2-7 and pSSC2-8, respectively (from short-form S. alterniflora diazotrophs) ; 9, pJC1-8 (from a Juncus diazotroph). Representative plasmids lack homology to the RAPD DNA probe generated with primer MPRP2 from pPC2-3. The expected position of the chromosomal DNA band (chr) is indicated. A small number of diazotroph hosts (8, 1 and 1 isolates from Juncus, short-and tall-form S. alterniflora, respectively ; data not shown) each contained two or three plasmids having identical RAPD profiles (e.g. Fig. 2b,  lanes 1a and 1b) . These plasmids are likely to be a nicked form of the same plasmid or multimers. Thus, they were considered to be one plasmid for subsequent analyses. However, in most cases RAPD profiles indicated the presence of different plasmids in those hosts containing multiple plasmid bands (e.g. Fig. 2b, lanes 6a and 6b) . Specifically, 12 plasmids (6 pairs) obtained from different hosts isolated from S. patens, 6 plasmids (3 pairs) from tall-form S. alterniflora and 2 plasmids (1 pair) from short-form S. alterniflora had an S value of 1 (data not shown). Each plasmid was identical only to the other plasmid in the pair and not to any other plasmid. Those diazotroph hosts containing genetically identical plasmids were considered to be phylogenetically the same as determined by 16S rRNA gene RFLP analysis (data not shown).
Similar plasmids (0n5 S 0n9) were detected within the same bacterial host as well as in different hosts. In six instances, similar plasmids were found within the same host. Three diazotrophs from S. patens, two from Juncus and one from tall-form S. alterniflora each contained two plasmids with similar RAPD profiles. Two of these plasmid pairs, one from Juncus and one from S. patens, also showed similar RAPD patterns when tested with the MPRP2 primer (data not shown). Genetically similar plasmids in different bacterial hosts were only detected in isolates cultivated from Juncus and short-form S. alterniflora. Four plasmids from each plant type grouped into two distinct groups (data not shown). Overall, plasmids belonging to the high-similarity group (0n5 S 1) were observed only within the same plant type. Specifically, plasmids isolated from Juncus (n l 6 plasmids), S. patens (n l 15 plasmids) and tall-form S. alterniflora (n l 6 plasmids) isolates were similar to either one or two other plasmids within the same plant type (Fig. 6 ). However, one plasmid isolated from a Juncus diazotroph and all of the plasmids from shortform S. alterniflora diazotrophs were similar to three other plasmids (Fig. 6 ). Numerous plasmids from isolates cultivated from Juncus (n l 30 plasmids), S. patens (n l 14 plasmids) and tall-and short-form S. alterniflora (n l 11 and 2 plasmids, respectively) rhizoplanes were similar to no other plasmids based on RAPD profiles (0 S 0n49 ; Figs 4 and 6). In most cases, dissimilar (genetically diverse) plasmids were isolated from phylogenetically different hosts. Analyses of all possible pairwise comparisons indicated that the 99 plasmid RAPD profiles divided into 71 groups.
DISCUSSION
The presence of plasmids in marine sediment and watercolumn bacterial populations is well documented (Kobori et al., 1984 ; Hermansson et al., 1987 ; Belliveau et al., 1991 ; Aviles et al., 1993 ; Dahlberg et al., 1997) . In contrast to efforts to characterize plasmid populations from the rhizoplane of terrestrial plants (Lilley et al., 1996 ; van Elsas et al., 1998) , few studies have characterized plasmid distribution and diversity in bacterial assemblages associated with the roots and rhizomes of salt marsh macrophytes. Plasmid incidence, with the exception of isolates from short-form S. alterniflora, was comparable for diazotrophs associated with Juncus, S. patens and tall-form S. alterniflora rhizoplane microenvironments. The growth zone of short-form Spartina is subject to interstitial porewater stagnation, low oxygen availability and above average hydrogen sulfide concentrations and salinity. These environmental stresses can reduce the efficiency of nitrogen uptake by Spartina (Bradley & Morris, 1990) and may act as selective forces on the incidence and composition of plasmids occurring in associated diazotrophs.
As the method of plasmid isolation used in this study is not likely to facilitate isolation of plasmids larger than 400 kbp, linear plasmids and plasmids resident in nonculturable diazotroph bacterial assemblages, plasmid incidence, as well as the occurrence of plasmid-encoded nitrogen fixation genes, may be underestimated. Attempts to assign particular phenotypic traits to plasmids from aquatic and terrestrial habitats (Zawadzki et al., 1996 ; Sobecky et al., 1997 ; van Elsas et al., 1998) , as well as results from this study, suggest that many naturally occurring plasmids are cryptic. Some of these plasmids may in fact be advantageous to hosts occurring in either ' localized ' niches or specific environmental conditions that vary temporally and spatially (Eberhard, 1990) . For example, plasmid-encoded traits conferring niche specificity to salt marsh diazotrophs may include the ability to tolerate fluctuations in oxygen and salinity (Takeyama et al., 1991) , oxidation or reduction of sulfur compounds (Zillig et al., 1985) , enhanced growth capabilities in rhizoplane microenvironments (Moenne-Loccoz & Weaver, 1995) and catabolism of plant sugars and organic acids (Coplin, 1989 ).
Methods such as RFLP profiling and inc\rep typing have been used to classify the molecular diversity of plasmids isolated from marine (Dahlberg et al., 1997 ; Sobecky et al., 1997) , soil (Drønen et al., 1999) and terrestrial habitats (Lilley et al., 1996) . The genotypic typing of genomes by RAPD-PCR can reveal intra-and interspecific differences (Williams et al., 1990 ; Welsh & McClelland, 1990) . RAPD analyses are increasingly being used to identify micro-organisms (Harrison et al., 1992 ; Moschetti et al., 2001) as well as determine clonal diversity between strains of the same bacterial species (Dye et al., 1995 ; Hyytia et al., 1999 ; Roberts & Crawford, 2000) . In addition, RAPD-PCR has been used to compare microbial communities within aquatic (Franklin et al., 1999) and terrestrial (Picard et al., 2000) environments and to generate probes for the spatial and temporal comparison of marine virioplankton (Wommack et al., 1999) . RAPD-PCR has been used on bacterial isolates with and without plasmids (Son et al., 1998) . However, it has been noted that plasmid DNA needs to be extensively purified as the presence of contaminating chromosomal DNA appears to inhibit plasmid amplification (Elaichouni et al., 1994) . We have found that chromosomal DNA does not contribute to amplification products obtained with plasmid DNA excised directly from agarose gels and further purification is not necessary. We did detect slight differences in the RAPD patterns obtained under the standard conditions used in this study ( Fig. 3b and c) . However, these differences were likely due to either the amount of PCR product loaded or to the amount of plasmid template excised from independent gel runs. In those infrequent instances (i.e. less than 5 % of all plasmids
Salt marsh diazotroph plasmid diversity tested), bands were omitted from subsequent Jaccard coefficient calculations (Fig. 3c) .
Our results indicate that while a subset of commercially available oligomers produced either too few or no amplicons, it was feasible to design oligomers to generate RAPD DNA fingerprinting profiles for the majority of the plasmids isolated from marine diazotrophs tested in this study. The 10-mer primers DIAZO1 and MPRP2 have a GjC content of 70 mol %, which is expected to generate reproducible patterns and more amplification products (Caetano-Anolle! s et al., 1991) relative to primers with a lower GjC content (Williams et al., 1990 ; Harrison et al., 1992) . The 3h ends of the RAPD primers were composed of hexamers that repeatedly occurred in the sequences of plasmids from marine bacteria and a Rhizobium sp. isolate (Freiberg et al., 1997) . The four bases at the 5h end of the primers were chosen arbitrarily as it has been proposed that these bases are more tolerant of mismatch (Mori et al., 1999) . We postulate that the 52 plasmids that did not yield an RAPD profile with either DIAZO1 or MPRR2 may lack these particular repetitive sequences. In this study, a limited number of sequences were used in RAPD primer design. Increasing the number of plasmid sequences analysed or obtaining additional DNA sequences of those plasmids from marine diazotrophs that did not amplify may identify other repetitive hexamers for future primer development. Remarkably, all possible pairwise comparisons of the plasmids indicated that rather than clustering into a few or a small number of groups as we initially hypothesized, the 99 RAPD profiles divided into nearly as many structural groups as endogenous plasmids analysed (71 groups). These findings are in contrast to the 5-16 structural groups, as determined by RFLP, of exogenous Hg R plasmids isolated from soils (Drønen et al., 1999) , sugar beet phyllosphere\rhizoplane (Lilley et al., 1996) and marine (Dahlberg et al., 1997) habitats. Fifty-seven of the groups contained only one plasmid based on their unique RAPD patterns. The patterns of the remaining 14 groups indicated possible additions, deletions or structural variants of genetically similar plasmids (Lilley et al., 1996 ; Zhang et al., 2001) . While it has been suggested that fingerprinting by RFLP may overestimate plasmid diversity (Dahlberg et al., 1997) , we believe that the use of RAPD-PCR coupled with subsequent DNA probe generation provides a robust and rapid approach for differentiating plasmid variation and diversity in natural microbial communities.
To the best of our knowledge, this study represents the first report of RAPD-PCR genotypic typing of plasmids from marine environments. Studies are under way to determine the applicability of RAPD-PCR in monitoring the evolution of plasmids due to recombination and rearrangement events (Arber, 2000) . Future studies will also address physiochemical environmental changes associated with seasonality and other factors related to geographic locations that may be important in the determination of plasmid composition and structure in marine microbial assemblages.
